Deep nanoindentation of a copper substrate by single-walled carbon nanotubes (SWCNTs) has been analyzed using molecular dynamics simulations. Three categories of SWCNTs and their relationship with temperature and nanotube length have been extensively investigated. The results of this comprehensive quantitative analysis for deep indentation demonstrate that only SWCNTs with relatively short lengths can indent into a substrate up to a desired depth without buckling. Most notably, a permanent hollow hole with a high aspect ratio will be produced on the copper substrate, while copper atoms in close proximity to the hole are only slightly disordered.
Introduction
Nanoscale indentation of solid surfaces has received increasing attention due to the fact that its investigation can provide knowledge of surface contact nanomechanics required in the advancement and application of nanotechnologies such as nanoimprint lithography [1, 2] and high-density data storage technology [3] [4] [5] [6] [7] . In particular, since Smalley and colleagues [8] proposed the utilization of carbon nanotubes (CNTs) as proximal probe tips in scanning probe microscopy (SPM), using CNTs as indenters to improve the spatial resolution in nanoindentation experiments has become popular due to their high aspect ratios, small tip radii of curvature and high stiffness [9] [10] [11] [12] [13] [14] .
It is suggested that, in high resolution nanolithography, CNTs, with their ability to buckle elastically, can replace conventional probe tips that often break or wear off during direct contact with the solid surface. Harrison et al [15] , for the first time, investigated through molecular dynamics (MD) simulations the behavior of hemispherically capped singlewalled CNTs (SWCNTs) acting as scanning force microscopy tips.
They demonstrated that capped CNTs, although undergoing complex deformation, have the remarkable ability to recover when pushed into a hard substrate such as diamond. Harrison and coworkers also examined the effect of temperature on the compression of nanotubes and found that the buckling force decreases as temperature increases [16] . Yao and Lordi [17] presented a detailed investigation of the spring behavior of CNT caps and showed that this spring effect is significant when the tubes are sufficiently short so that buckling does not occur before cap compression. Sinnott and coworkers [18, 19] investigated the mechanisms further using MD simulation by deforming CNT proximal probe tips during the indentation of diamond and graphene surfaces. They examined the elasticity recovery behavior in the capped CNT tips on these surfaces and suggested that the CNT tips will not wear out when indented as conventional tips do unless the surface is highly reactive. In addition, Tutein et al [20] supported these findings in that the elastically buckling behavior of the CNT tips can be found in the indentation of a linear-chain hydrocarbon monolayer anchored to a diamond substrate. Recently, Cao and Chen [21] performed an analysis of the indentation of uncapped SWCNTs on a flat layer of diamond atoms using MD simulation and continuum analysis and concluded that SWCNTs can be divided into three categories according to their aspect ratios. The tube's buckling behavior transits from a shell for a short tube to a beam for a long tube. In general, for the indentation of hard substrates such as diamond, graphite and graphene, the elastic buckling behavior of the CNT tips prevents the penetration of material surfaces. Most recently, Hsieh et al [22] investigated intrinsic thermal vibrations of SWCNTs by evaluating Young's modulus using MD simulation. The simulation results conclude that Young's modulus is independent of tube length but decreases with increasing tube radius.
It is possible that the mechanical processing using CNTs as proximal probe tips can be manipulated on soft substrates which have relatively weaker inter-atomic bonds than that of the hard substrates. Unlike what happens in the indentation of hard substrates, the CNT tips used in the indentation of soft substrates, depending on their aspect ratios, can penetrate the material surfaces. Dzegilenko et al [23] performed MD simulations for the indentation of a silicon (001) surface with CNT tips and have shown that the nanotube tip can penetrate the surface without much hindrance and explained the results in terms of the relative strength of the C-C, C-Si and Si-Si bonds. Akita et al [7] conducted a nanoindentation experiment on polycarbonate using CNT tips and demonstrated the potential use of this methodology in high-density data storage technology. All these studies indicate that, qualitatively, CNT tips of smaller aspect ratios tend to penetrate the soft surface more easily. However, quantitative investigations of the effect of the tube's aspect ratio on the indentation of soft substrates with CNT tips are still rare so far.
The analysis presented here thus attempts to investigate the nanoscale deep indentations on a copper substrate with SWCNT tips by performing classical MD simulations at distinct temperatures. The effects of the tip length on the indentation of the copper surface at certain temperatures are studied by fixing the diameter and varying the length of the SWCNT tips in the MD simulations at a specified temperature. To simplify the investigation, a specified indentation depth and a fixed indenting rate are designated in all simulations. Three categories of the tube's mode have been analyzed and compared. In the first category, a sufficiently short SWCNT tip, with a length shorter than a certain critical length, is expected to penetrate the copper surface all the way until it reaches the intended depth. In the second category, a nanotube with a length longer than another certain critical length, is expected to buckle elastically without penetrating the surface or only indenting to a small depth. In the third category, located intermediate to the other categories, a nanotube with a length in between the previously mentioned two critical lengths should penetrate the surface but will buckle before it reaches the intended depth. It is reasonable to suggest that in the third category a longer tube will buckle at a shallower depth. At each specified temperature the two critical lengths that separate the three categories of tube are to be determined, and subsequently, the temperature variations of these two critical tube lengths can then be analyzed. The indentation using the first category of SWCNTs will be studied further. Additionally, the temperature effects on both the repulsive force of SWCNTs and the net work required by the SWCNTs to complete the indentation process will also be investigated.
Simulation methodology
Simulations of the indentation on an FCC crystalline copper substrate with SWCNT tips were performed in this study, and the effect of the tube length was investigated. The positions and velocities of both the SWCNT tip and the substrate atoms were calculated as functions of time using MD methodology. The heat generated in the indentation process was assumed to dissipate at a high rate that is much faster than the indenting speed. In the present simulations, both the tip and the substrate were controlled at the same temperatures during the indentations, i.e. the indentation was considered as an isothermal process. To further evaluate the temperature effect, the indentation systems controlled at several distinct temperatures were simulated. We had tested (10, 10) SWCNTs which have different lengths from 25 to 50Å, but unfortunately all of these nanotubes buckled before they can penetrate the substrate. As tested in our simulation, the SWCNT of relatively large diameter is not suitable to use because the larger-diameter SWCNTs sustained the bigger resistance when it penetrated the copper substrate. Only the capped (5, 5) armchair SWCNTs were chosen as indenter tips, but their length was allowed to vary so that effects of tube length could be studied. The (5, 5) nanotube was capped with a suitable part of the C 60 molecule. The nanotube was composed of 330-730 carbon atoms, corresponding to a length ranging between 40.0 and 100.0Å. The two uppermost layers of the tube were simulated as rigid layers, and next to them are two thermal control layers which are used to maintain the constant temperature throughout the indentation process. The remaining part of the tube was simulated as in free motion, which has flexible characteristics. The relatively soft substrate consists of 18 772 FCC copper atoms in a finite slab with a lateral area of 66.985Å × 66.985Å and thickness of 39.910Å. The two lowest layers of the substrate are simulated as rigid layers which prevent the substrate from moving along the direction of the indenting force caused by the tip. Above and next to the rigid layers are two thermal control layers used to impose the substrate temperature. The rest of the substrate consists of 20 free motion layers designed to allow dislocation motions in the deformed substrate; these free motion layers are similar to those found in the tip.
The constant incremental time steps t = 0.1 fs for integrating the equations of motion for all non-rigid atoms was employed in the current computations. Such a time step is a compromised choice since it is less than the thermal motion periods of both the tip and substrate atoms, but not too big to avoid a large round-off error. The nanoindentation processes simulated therefore comprised equilibrium and indentation stages. In the equilibrium stage, the bottom of the tube's cap was initially positioned 7.5Å above the substrate surface in order to avoid the effect of the long-range attractive force between the tube and substrate. The initial positions of the tube and substrate atoms were arranged in accordance with their crystalline structures respectively; and the initial velocities were randomized according to the specific temperature using numbers uniformly distributed in an interval. The indentation stage then started when both the tip and substrate have been relaxed to their equilibrium atomic configurations. During the second stage of MD simulation, the indentation was modeled by moving the rigid layer of the nanotube 45.0Å downwards at a constant speed v = 10 −3Å fs −1 , and then retracting it back to its original position at the same speed. Therefore, the prescribed indentation depth is d max = 37.5Å, as if a rigid SWCNT were used in the indentation. In both stages, the temperatures of the thermal control layers of both nanotube and substrate were held at a desired value using the rescaling method [24, 25] . The leap-frog algorithm was implemented to derive the new position and velocity vectors of the nanotube and the substrate atoms from the corresponding data obtained in the previous step. The motion of each atom in the system was governed by Newton's law of motion in which the resulting force acting on the atom was deduced from the energy potential relevant to the interactions with the neighboring atoms within a cutoff radius.
The indentation system considered herein, in which three kinds of bonding have been simulated, is similar to the situation encountered in the work of Hsieh et al [26] . The carboncarbon bonding in the nanotube was simulated using the Tersoff many-body empirical inter-atomic potential [27] . The Tersoff potential can be appropriately used to derive the interatomic forces among the carbon atoms of the carbon nanotube because it provides rapid insights into the mechanical behavior of the carbon nanotube without considering chemical reactions that account for bond making and breaking. We chose the Tersoff potential because it needs less computing time during our simulation. The copper-copper bonding was derived from the calculation of the total energy of the metallic bonding in the copper substrate using the tight-binding potential [28] . The carbon-copper bonding occurring between the nanotube and the substrate was simulated by implementing an applicable Morse type pair potential [29] .
Results and discussion
According to the simulation results, a SWCNT of relatively large diameter will not be useful in the indentation because it will buckle before it can penetrate the substrate. The (5, 5) SWCNT, which has a small diameter, was therefore chosen as the proximal tip in all the indentations simulated in this study. As a proximal probe tip, when the SWCNTs are indenting into the copper substrate, the interaction with the thermal vibration motion of the copper atoms causes the SWCNT to tilt slightly from the perpendicular. The tilted SWCNT will then buckle at some point during the indentation stage. The simulation results of the prescribed constant temperature show that, as expected, three categories of the SWCNTs can be defined according to when the SWCNT begins to buckle while indenting into the copper substrate. Generally, the time instance at which the buckling occurs is mainly determined by the tube's length, as shown in figure 1 . In this work, two particular indentation times were used for classifying the SWCNTs. One of them is the indentation time required by the top rigid layers of the SWCNTs to reach the displacement of (7.0+0.9d max )Å, which in the current MD simulation is calculated as t 1 , and is about 41 ps. The other indentation time for classifying the SWCNTs is the time for the top rigid layers of the SWCNTs to arrive at the displacement of (7.0 + 0.15d max )Å, which is t 2 , and is about 13 ps. As a consequence, in the first category (I) defined herein, the SWCNTs with a length shorter than a certain critical length, denoted by l c1 , can only begin to buckle during the indentation at a time longer than t 1 as shown in figure 1(a) . In the second category (II), in contrast, the SWCNTs with a length greater than another certain critical length l c2, begin to buckle at an indentation time shorter than t 2 as shown in figure 1(c) . The SWCNTs with a length in between l c1 and l c2 belong to the third category (III) as shown in figure 1(b) . Thus, in a mechanical process that uses SWCNTs as proximal probe tips, SWCNTs of category (I) are useful for boring into the substrate near to a desired depth. The SWCNTs of category (III), although they also are able to bore into the substrate, could only reach a depth less than that intended. Above category (III) is category (II), where a more shallow depth will correspond to a longer SWCNT. The SWCNTs of category (II) are unsuitable as probe tips for indenting into the substrate. During the indentation process, the force on the two uppermost layers of the SWCNTs were monitored and then expressed as a function of the indentation time, which demonstrates the diagram of force functions of typical SWCNTs that belong to each of the three categories, as shown in figure 2 . As is clear in this diagram, the buckling behavior of the SWCNTs is revealed by the obvious force discontinuities. The MD simulations of a variety of temperatures were performed to establish the temperature dependences of the critical lengths l c1 and l c2 , as shown in figure 3 . The critical lengths decrease with increasing temperature because at a higher temperature the thermal motion of the copper atoms interacts with the SWCNTs more intensively and thus causes the tube to tilt farther from the perpendicular. As a consequence, the shorter SWCNTs may buckle during the indentation. The SWCNTs of category (I) were further investigated. Figure 4 shows that the hysteresis depicting the variation of the normal force on the two uppermost layers of flexible SWCNTs is treated as a function of the displacement of the same layers at 300 K. The force-displacement hysteresis for the rigid SWCNTs with the same length as that of the flexible one is also shown in figure 4 for comparison. As can be observed from figure 4, both flexible and rigid SWCNTs experience repulsive forces during the whole indentation period. However, for the SWCNTs which exhibit less buckling, the repulsive force first increases proportionally with the indentation depth and then, generally, remains nearly constant till the end of the indentation process. Such a near-constant repulsive force is attributed to a constant contact area which is independent of the indentation depth due to the constant diameter of the SWCNT's geometry. As long as the SWCNTs have reached the maximum indentation depth, they are then retracted from the substrate at the same rate as in the indentation process. From figure 4 , it is observed that, at the beginning of the retraction phase, both a pre-set rigid SWCNT and the flexible SWCNTs of our simulations experienced repulsive forces, from large to small, due to the rebounding response of the elastic substrate. It is interesting to observe that, in the rest of the retraction phase, the rigid SWCNT experiences repulsive force, indicating a trend opposite to that of the attractive force experienced by a diamond-like tip in the same retraction period of the copper substrate [26] . Such a phenomenon can be attributed to the totally elastic recovery of small deformed copper atoms around the small-diameter tip. In fact, in a previous MD simulation not shown here, the rigid SWCNTs reached the maximum indentation depth and then no constrained rate was assigned in the retraction phase. It was extruded out of the substrate with an average rate of 1150 m s −1 , which is far beyond the rate of 100 m s −1 used in the present simulations. For the flexible SWCNTs, however, the elastic recovery of deformed copper atoms will be absorbed by the deformed nanotube as an elastic potential; therefore, on average, it experiences a near-zero load as shown in figure 4 .
In general, the SWCNTs suffer the maximum repulsive force when they reach the maximum indentation depth. Figure 5 demonstrates the variation of the maximal repulsive force as a function of temperature. The maximum repulsive force for a flexible SWCNTs increases with increasing temperature; while for the rigid SWCNTs, in contrast, the maximum repulsive force decreases with increasing temperature. The net work required by the SWCNTs to accomplish the complete cycle of the indentation process can be calculated by measuring the area enclosed by the normal force hysteresis like those shown in figure 4 . As a result, the temperature dependences of the net work required by the SWCNTs of lengths 40, 45 and 50Å to complete the indentation are shown in figure 6 . The temperature dependence of the net work required by the rigid SWCNTs to complete the whole cycle of indentation processes is also shown in figure 6 for comparison. It is clear that the net work functions corresponding to the flexible SWCNTs have a trend opposite to that of the rigid SWCNTs. The net work required by the rigid SWCNTs to complete the indentation decreases with increasing temperature. Similar trends to that have also been found in indentation by a diamond-like tip [25] . It is obvious that, for rigid SWCNTs, the net work becomes less at a higher temperature because the substrate is softer. On the other hand, however, the net work required by the flexible SWCNTs to accomplish the indentation process increases with increasing temperature. For indentation by flexible SWCNTs, though the substrate becomes softer at a higher temperature, the SWCNTs become even softer than the substrate, especially in their lateral direction. Therefore at a higher temperature the more flexible SWCNTs require larger force to indent into the substrate, which in turn results in the larger net work required to complete the indentation process.
As a promising mechanical processing technology, deep indentation using SWCNTs of category (I) as tips promises to produce nanometer-scale hollow holes of high aspect ratio on a copper substrate. Permanent and slightly disordered copper atoms were also found in the deformation zone affected by the tip, as shown in figure 7 , in which only the copper atoms around the proximal tip were displayed. In this work, the complex analysis of the variation of the substrate lattice structure in the zone around the tip, when the substrate underwent the indentation cycle, was simplified by examining the evolution of the structure factor for that zone defined by Rapaport [24] :
where N a is the number of the selected atoms in the deformation zone around the tip, r j represents the position vector of atom j and a is the length of the unit FCC lattice in the copper substrate. In the analysis of lattice structure, a higher absolute value of the structure factor represents a more perfect lattice structure in the solid substrate. The maximal absolute value of the structure factor is 1, which corresponds to the perfect FCC lattice structure. This study shows only the final equilibrium value of the structure factor after the whole indentation cycle was completed. Figure 8 shows the variations of the absolute value of the structure factor in the deformation zone around the tip as a function of the indentation depth at temperatures of 250 and 300 K. It is found that, as a whole, for both cases, the deformation zone around the tip is only slightly disordered except for the shallow part near the substrate surface. Relatively large differences between the two distributions of the structure factor can only be found in the proximity of the substrate surface. As observed, a higher temperature results in a more disordered lattice structure at the top of the hole. What is obtained in this paper as a whole is a theoretical prediction, which should be verified by future related experiments. The present results, however, should be a promising prediction because the force fields and involved physical parameters used to simulate the carbon-carbon, carbon-copper and copper-copper interactions are the same as those used in one of our previous papers [22] , where the Young's modulus of the SWCNT obtained using MD simulations is comparable with those obtained using the theoretical ab initio [30] and density functional [31] methods. The Young's modulus of (5, 5) tubes is predicted to be 1.86 TPa by our MD simulations, which is in between the ab initio result (1.54 TPa) obtained by van Lier et al [30] and the density functional result (2.05 TPa) calculated by Peralta-Inga et al [31] .
Conclusion
This study uses molecular dynamics (MD) simulations to investigate the indentation of a copper substrate by using a SWCNT as the proximal probe tip. Since the thermal vibration motion of the substrate atoms will cause the indenting SWCNT tip to tilt from the perpendicular, tips with a relatively long length tend to buckle at some point in the indentation process. However, tips with a relatively short length can possibly penetrate the substrate. By assigning a desired indentation depth of 37.5Å in this study, three categories of the (5, 5) SWCNT have been analyzed by determining the two critical lengths, l c1 and l c2 , which have been defined in the above context. In addition, the variations of l c1 and l c2 with temperature show that these critical lengths decrease with increasing temperature. Category (I) SWCNTs, which are suitable for boring into the substrate to at least 90% of the desired depth without buckling, was studied further. The simulation results show that, if the SWCNT was rigid, due to the fact that the substrate will become softer at a higher temperature, both the maximum repulsive force on the tip and the net work required by the SWCNT to complete the indentation will decrease with increasing temperature. For the flexible SWCNT, however, the simulation results indicate a trend opposing that of the case when the rigid SWCNT is used in the indentation. Both the maximum repulsive force on the rigid layers of the flexible SWCNT and the net work required to complete the indentation increase with increasing temperature due to the fact that the flexible SWCNT becomes softer than the substrate at higher temperatures. It is also notable that a permanent hollow hole of high aspect ratio was produced on the copper substrate after the SWCNT of category (I) has completed the indentation process.
